We constructed a genetic linkage map between two divergent populations of Mimulus guttatus. We genotyped an F 2 mapping population (N ϭ 539) at 154 AFLP, microsatellite, and gene-based markers. A framework map was constructed consisting of 112 marker loci on 14 linkage groups with a total map length of 1518 cM Kosambi. Nearly half of all markers (48%) exhibited significant transmission ratio distortion (␣ ϭ 0.05). By using a Bayesian multipoint mapping method and visual inspection of significantly distorted markers, we detected 12 transmission ratio distorting loci (TRDL) throughout the genome. The high degree of segregation distortion detected in this intraspecific map indicates substantial genomic divergence that perhaps suggests genomic incompatibilities between these two populations. We compare the pattern of transmission ratio distortion in this map to an interspecific map constructed between M. guttatus and M. nasutus. A similar level of segregation distortion is detected in both maps. Collinear regions between maps are compared to determine if there are shared genetic patterns of non-Mendelian segregation distortion within and among Mimulus species.
P OSTZYGOTIC reproductive isolating mechanisms
ing distorting loci causing this pattern ( Jiang et al. 2000; Fishman et al. 2001; Schwarz-Sommer et al. 2003 ; often accumulate gradually in geographically isolated populations over time, eventually yielding distinct Myburg et al. 2004; Solignac et al. 2004) . The degree of transmission ratio distortion (as measured by the species (Mayr 1963) . Genetic mapping in hybrid populations permits reconstruction of some of the genetic overall number of distorted markers) is thought to be positively correlated with the level of genomic diverchanges that occur during the process of speciation (Rieseberg et al. 1999) . The advent of molecular marker gence between taxa (Palopoli and Wu 1996; Jenczewski et al. 1997; Whitkus 1998; Harushima et al. 2001 ; technology has made it possible to construct linkage maps for many wild species to understand the nature Taylor and Ingvarsson 2003). Empirical studies have provided evidence for fewer distorted markers in intraof genomic divergence between taxa (Whitkus 1998; Rieseberg et al. 2000) and to study quantitative trait specific crosses relative to interspecific crosses in agricultural plants (Zamir and Tadmore 1986; Causse et al. loci (QTL) responsible for divergence in ecologically important traits. By investigating the pattern of segrega-1994; Jenczewski et al. 1997) , suggesting a positive correlation between the degree of transmission ratio distortion of mapped molecular markers among hybrid progeny, one also can identify loci that may act as reproduction and the level of genomic divergence. Unfortunately, patterns of distortion have not been compared tive barriers, even if they do not contribute to obvious phenotypic differences between the parental taxa. For at both intra-and interspecific levels in a wild system that has not been subjected to artificial selection. example, markers that exhibit non-Mendelian segregation ratios in hybrid populations could be linked to
In this article, we examine the pattern of segregation distortion in an interpopulational cross of the wildgenes causing hybrid lethality or sterility or gametophytic competition (Harushima et al. 2001) .
flower Mimulus guttatus and compare our results to those previously published on an interspecific cross between Deviations from expected Mendelian segregation ratios M. guttatus and M. nasutus (Fishman et al. 2001 ). Mimu-(or transmission ratio distortion) in hybrid populations lus has been a model plant system for ecological and are a common observation that potentially represents evolutionary genetics for Ͼ50 years (Vickery 1951) and some level of reproductive isolation due to chromosomal is an ideal group for analyzing levels of genomic diverrearrangements or genic interactions (Rieseberg et al. gence and speciation. In particular, the M. guttatus spe-1995). Recent evidence shows that distorted markers cluscies complex includes numerous highly diverse natural ter nonrandomly along linkage maps, suggesting underlypopulations and closely related species. Recently, a genetic linkage map was constructed between the largely outcrossing M. guttatus and highly selfing M. nasutus 1 moisture. Annual populations are typically located at inland observed at ‫%05ف‬ of marker loci. Furthermore, the sites like seepy hillside meadows, rocky cliff faces, or road distorted markers clustered nonrandomly on the linkcuts that have abundant soil moisture in the spring and early age map and exhibited a strong pattern: 9 of the 11 summer, but little during the late summer. Plants from these distorted chromosomal regions had an excess of M. in individual pots in a common garden experiment at the identified 11 informative microsatellite loci and three informative gene-based markers. We made a few minor changes in University of Oregon Department of Biology greenhouse. The plants were grown in 4-inch pots filled with sand over a thin our PCR and genotyping protocol, where the forward primers were 5Ј labeled with fluorescent dyes for detection on an ABI layer of hemlock bark on the bottom, to prevent sand from escaping the pot. A thin layer of organic potting mix (Black 3700 genetic analyzer. The PCR products were run on the ABI 3700, fragments were detected using GeneScan 3.5.1, and Gold potting soil; Sun Gro Horticulture, Bellevue, WA) was sprinkled on top to prevent dessication of seeds. To ensure their sizes were determined using Genotyper 3.6 (Applied Biosystems, Foster City, CA). the presence of seedlings in each pot, we planted five seeds of the same class per pot on June 12, 2000, and pots were
We also tested 25 additional gene-based markers for polymorphism in our cross. These markers were developed as part placed in flats in a fully randomized design in the greenhouse during the long days when flowering begins for each of the of a larger collaborative project and will be described in detail elsewhere. Briefly, these new markers were designed so that native populations. Plants were watered as needed two to three times daily and left unfertilized. Seedlings were thinned to primer pairs flanked introns in nuclear genes. Any intron length polymorphisms would therefore be revealed as PCRthe centermost individual after germination, 2 weeks after planting.
product length polymorphisms. These markers were developed first by sequencing random clones from a cDNA library Tissue collection and DNA extraction: A total of four corollas from each F 2 individual and each of the three parents were constructed from RNA isolated from IM62 floral bud tissue. The resulting expressed sequence tags were then assembled collected into separate 1.5-ml Eppendorf tubes, immediately placed on dry ice, and stored at Ϫ80Њ. Genomic DNA was into contigs, and the contigs were searched against the Arabidopsis protein database with BLASTX for contigs with high isolated from the corollas using a modified hexadecyl trimethyl-ammonium bromide chloroform extraction protocol similarity to a small number of Arabidopsis proteins. Putative intron positions in the subset of selected IM62 contigs were (Lin and Ritland 1996; Kelly and Willis 1998). DNA concentration was quantified with a Hoechst fluorometer. Of the determined using the Arabidopsis annotations with alignments of the contigs and the Arabidopsis proteins, and primers 600 F 2 lines, we collected corolla tissue from 539 individuals for genotyping. The remaining 61 individuals were not genotyped flanking the introns were designed. We initially tested 25 of these new markers, named with a prefix of MgSTS (for M. due to a variety of factors: failed DNA extractions, mortality before tissue collection occurred, or insufficient quantity of guttatus s equence-t agged s ite), and determined which were polymorphic for PCR product size in our cross. Ten of the floral tissue for DNA extraction.
Molecular marker analyses:
We used three different types MgSTS markers were informative, and we genotyped them in all of the F 2 individuals using the same PCR conditions as in of PCR-based molecular genetic markers, including amplified fragment length polymorphisms (AFLPs), microsatellites, and the microsatellite reactions, except that we used a standard annealing temperature of 52Њ and 31 cycles for all markers. gene-based markers, for genotyping in this hybrid mapping population. The AFLPs were scored using standard protocols All forward MgSTS primers were 5Ј labeled with a fluorescent dye for detection on the ABI 3700. All markers that were (Vos et al. 1995; Remington et al. 1998; Fishman et al. 2001) with modifications for high throughput and low DNA content mapped are included, along with forward and reverse primers, in Table 1 . Individual F 2 genotypes were analyzed and scored per reaction. The procedure followed that of Fishman et al. (2001) in using a standard restriction digest-ligation step, folin the same manner as the microsatellites. All of the microsatellite and gene-based markers produced fragments inherited in lowed by preamplifications and then final selective amplifications. Each selective primer combination was visualized with a codominant manner. Linkage map construction: Using the molecular markers the Li-Cor automated sequencing system. Polymorphic fragments were scored visually on TIFF image files using RFLPSCAN 3.0 genotyped for 539 F 2 individuals, we constructed a genetic linkage map using MAPMAKER 3.0 (Lander et al. 1987; (Scanalytics) . See Fishman et al. (2001) for details on primer combinations and scoring procedure. We used standard EcoRI Lincoln et al. 1992) , using the same methodology as that of Fishman et al. (2001) . All of the distances between mark-(E) and Taq I (T) primers with single selective nucleotides for preamplifications. For final amplification, we used different ers were estimated using the Kosambi mapping function (Kosambi 1944) . The error detection data and the table of combinations of three E primers with three selective nucleotides (E ϩ ACG, E ϩ ACC, and E ϩ AGG) and the three T ϩ two-point distances were used to identify unreliable markers. We repeatedly tried placing unlinked markers and eliminated 1 primers. In total, we used eight different primer combinations and nomenclature follows that described in Fishman et unreliable markers until we reached a consistent linear order for each group that included a subset of the most reliable al. (2001) . Only fragments that were consistently present in both DUN parents and absent in IM62 (or, conversely, absent markers. A small subset of markers was removed from the mapping data set due to the possibility of marker alleles that in both DUN parents and present in IM62) were scored for this analysis. Most AFLP markers were scored as dominant were not identical by descent. These markers were easily distinguished by unequal representations of particular marker genomarkers. A small number of AFLP fragments clearly segregated as alternative alleles at a single locus and were scored as codomtypes in two of four F 2 classes relative to reciprocal pairs. Genome length and map coverage: The total genome length inant markers. We used eight primer combinations to produce a total of 126 polymorphic markers, 3 of which were codomiwas estimated in several different ways. First, we calculated s , the average framework marker spacing, by dividing the nant. Scored fragments ranged in length from 55 to 518 bp.
Microsatellite and several gene-based markers have precombined total length of all linkage groups by the number of intervals. Then the genome length L was estimated using viously been developed for genetic mapping in M. guttatus and its close relative M. nasutus (Kelly and Willis 1998; various methods. First, we added 2s to the length of each linkage group to account for chromosome ends beyond the Fishman et al. 2001) . We tested all of the codominant markers originally used in the interspecific map (Fishman et al. 2001) terminal markers. Second, we used method 4 of Chakravarti et al. (1991) to calculate the length of each linkage group. for polymorphism in this cross and used all of these that consistently segregated alternative alleles among the F 2 's for This method multiplies the length of each linkage group by (m ϩ 1)/(m Ϫ 1), where m is the number of framework genotyping. The primers, GenBank accession numbers, PCR conditions, and names of these markers are given in Fishman markers on each group. We also estimated the map coverage c. The proportion c of the genome that is within distance d et al. (2001) . We tested 32 different markers in total. We containing
LG11a is referred to as map A.
We ran the program with the maximum number of TRDL set map that included both classes of dominant AFLP markers. The two classes of dominant AFLPs on the map are not equally abundant (30 and 70% of the markers had RESULTS DUN and IM homozygotes, respectively), although their frequencies do not differ substantially from the distribuLinkage map construction: We were able to genotype tion of total AFLP marker genotypes (40 and 60%). the F 2 population at a total of 154 markers. Although
Because some of the DUN homozygote AFLP markers there were some missing data due to occasional PCR were eliminated from the data set due to the chance of failure, a large proportion of the individuals were genoalleles that were not identical by descent, this deviation typed per marker (mean ϭ 493, SD ϭ 54). We initially from 50% for each marker class is not surprising. evaluated linkage by grouping linked markers on the The 14 linkage groups correspond to the haploid chrobasis of linkage criteria between a pair of markers with mosome number for M. guttatus. A total of 27 (both domia minimum LOD of 6 and a maximum distance of 40 nant and codominant) markers are common to both this cM. for the new gene-based markers) and they include 10 We then constructed a linkage map based on a subset of markers that displayed the most reliable placement microsatellite loci, 10 gene-based markers, one codomi- nant AFLP, and six dominant AFLP markers. These cific map (Figure 3 ). Three other linkage groups share a single marker (LG2, LG4, and LG14), several of which markers map to 11 of the 14 linkage groups. The marker order is preserved between maps, making it possible to have been added to the interspecific map since publication (L. Fishman and J. H. Willis, unpublished data). compare collinear regions between an intra-and interspecific cross. The 11 linkage groups with common Map length and genome coverage: The total map length spans 1517.8 cM Kosambi (1481.7 cM Kosambi markers were assigned the same numbers as the linkage groups from Fishman et al. (2001) . Seven of the 8 linkfor map A). We used several approaches to estimate genome length L, all of which indicate that the frameage groups with at least 2 shared markers maintain collinearity, although intramarker distances vary slightly.
work map provides fairly complete coverage of the M. guttatus genome. Using the first method, which assumes The other linkage group (LG11) has a very minor difference between maps, as more recent unpublished mapa random distribution of markers across the genome, we added twice the average interval length (s ϭ 15.49 ping results show very tight linkage of several codominant markers. These markers are more spread out with and 15.28 cM for map A) to each linkage group to account for chromosome ends beyond the terminal a slightly different ordering in the intraspecific map relative to the very tightly linked markers in the interspemarkers. The estimated genome length using this method is 1951.46 and 1909.4 cM for map A. Using method 4 of position of each TRDL and its estimated allele and genotype frequencies based on the posterior frequency distri- Chakravarti et al. (1991) , we estimated a nearly identical genome length of 1952.56 cM (1912.77 cM for map A) bution are reported in Table 2 . Five regions demonstrated distortion toward excess of IM homozygotes (or by including only the markers placed on the linkage groups. When using markers that were linked but exdeficiency of DUN homozygotes) and are located on LG3, LG6, LG8, LG9, and LG10, whereas four regions cluded from the framework map, we estimated a slightly smaller length of 1843.53 cM for both maps. All of these displayed the reciprocal (located on LG2, LG5, LG8, and LG14, see Table 2 ; Figure 2 ). The remaining three numbers are very close to (although somewhat smaller than) the genome length estimated for the M. guttatus ϫ TRDL do not result in greater frequencies of either the IM or DUN alleles. In two of these cases, there is M. nasutus genome, which was 2092 cM, using method 1. Using the different methods of genome length estiapparently an excess of heterozygotes over that expected with Mendelian ratios (LG7 and LG11), and in mates, we estimated that 68-70% of the genome is within 10 cM of a linked marker, and 89-91% is within 20 cM one case there is an apparent deficiency of heterozygotes (LG12). Using a more stringent criterion for sigof a linked marker. These estimates of genome coverage are slightly lower than that for the M. guttatus ϫ M. nasunificance (frequency of iterations in which a TRDL was detected Ͼ75%), TRDL are detected on 8 of the 14 tus map.
Intraspecific segregation distortion: Genotyping of all linkage groups. Four have distortion toward the IM allele, 3 have excesses of the DUN allele, and 2 have a 154 markers revealed substantial non-Mendelian inheritance (48% at ␣ ϭ 0.05, 29% at ␣ ϭ 0.001) across all pattern with no strong allele. The positions of the distorted regions we detected visually were the same as markers. Of the 112 markers that were included on the framework map, 47 and 27% (␣ ϭ 0.05 and ␣ ϭ 0.001, those detected using the Bayesian method, although the Bayesian method detected additional TRDL. respectively) showed significant distortion from Mendelian expectations. For the mapped markers, a larger By combining the results of the TRDL mapping with our count of regions with multiple adjacent distorted percentage of the codominant markers (74% at ␣ ϭ 0.05, 52% at ␣ ϭ 0.001) were distorted when compared markers, we estimated a minimum number of distorted loci causing unequal transmission of parental alleles. to dominant markers (39% at ␣ ϭ 0.05, 19% at ␣ ϭ 0.001). This may be due to the fact that codominant
The TRDL mapping identified 12 loci that substantially altered parental allele and/or genotype frequencies in markers have more complete genetic information and therefore have greater power to detect distortion. The the F 2 cross, using a cutoff of detecting a TRDL at Ն50% of the iterations. In total, 12 TRDL were detected in distorted loci were equally split between deviation toward the IM or the DUN genotype (49% in either directhis intraspecific cross, and they show no real bias favoring DUN or IM alleles on a genome-wide scale. Five tion), 3 codominant markers showed heterozygote excess, and 6 codominant markers showed a deficiency of of the 12 TRDL showed excesses of IM allele frequencies (located on LG3, LG6, LG8, LG9, and LG10), whereas heterozygotes.
Each of the markers was analyzed within the context four regions demonstrated excesses of DUN alleles (on LG2, LG5, LG8, and LG14). The remaining TRDL disof its position along the linkage groups relative to other markers (Figure 2 ), allowing us to visually examine geplayed either heterozygote excesses (2 TRDL) or deficiency (1 TRDL) relative to the two equally frequent nomic regions of distortion in either direction. Many of the distorted markers are clustered in one direction homozygote classes. This estimate of the number of TRDL is likely to be an underestimate of the true numor another along the linkage groups. We identified five distorted regions with two or more adjacent loci that ber of distorting regions because we allowed a maximum of only 1 or 2 loci per linkage group and because it is were significantly distorted in the same direction, all on different linkage groups. Three of these regions display difficult to detect TRDL in regions with low marker density or no codominant markers. an excess of DUN alleles (or a deficiency in IM alleles) and are located on LG2, LG8, and LG14, whereas two Intra-vs. interspecific segregation distortion: Because of the collinearity between portions of this map and display an excess of IM alleles (or a deficiency of DUN alleles). These are located on LG9 and LG10 (Fig- the interspecific M. guttatus ϫ M. nasutus map, we can compare many of the linkage groups and their patterns ure 2).
The results from the multipoint Bayesian method deof distortion. Results from the interspecific map detected an equivalent number of TRDL (11-12) to that veloped by Vogl and Xu (2000) corresponded fairly well with the visual analysis of detection and placement in the intraspecific map, but the pattern of distortion differed. Nine of the 11 TRDL detected had an excess of TRDL, as described above. The results with the maximum number of TRDL set to one fit the data most of M. guttatus (IM) homozygotes (or a deficiency of M. nasutus homozygotes), whereas our map had unbiased reliably, with the exception of LG8, where the maximum number of TRDL of two was used. A single TRDL was directional distortion. Of the 11 collinear regions of linkage groups, some detected on 12 of the 14 linkage groups a majority of the time (Ͼ50%) after 10,000 iterations. The estimated display no significant distortion in either cross, while Vogl and Xu (2000) . The average frequency of detecting a TRDL is indicated next to each peak. Each frequency distribution is scaled to the maximum frequency per group for visualization purposes. Map position of TRDL detected by the Bayesian mapping methodology is shown (Vogl and Xu 2000) . Genotype and allele frequencies were estimated from 100 values nearest to the peak (position) of the posterior distributions of individual TRDL .
a For each TRDL , the h ighest p osterior d ensity i nterval (HPDI) at 95% is presented.
others display distortion in one or both of the crosses. distorted markers cluster in regions nonrandomly, implying the existence of underlying loci generating this One linkage group (LG4) contains common undistorted regions between the two maps ( Figure 3 ). Four pattern of transmission ratio distortion. There are several potential explanations for this pattern. One potenlinkage groups display distortion in just one map, either in the intraspecific map but not the interspecific map tial source of transmission ratio bias is inbreeding depression. Our crossing design makes it unlikely that (LG8 and LG9) or in the opposite pattern (LG1 and LG13). The remaining 6 collinear linkage groups have inbreeding depression is a source of the observed transmission ratio distortion. The IM parent was from a distortion on both maps, two of which have distorted regions in generally the same direction (LG6 and highly inbred line with normal fitness, and the use of two separate DUN parents provides assurance that any LG10), toward excessive IM homozygotes (or deficiency of the alternative homozygote). One linkage group single recessive deleterious allele in either DUN parent was not in a homozygous state in the F 2 progeny. It is (LG14) has distorted regions in the same direction, but toward excessive DUN or M. nasutus homozygotes (or conceivable that both DUN parents were carriers for the same rare recessive deleterious alleles at exactly the deficiency of IM homozygotes). On LG2, although there is distortion on both maps, it is in different directions on same loci, but this seems unlikely and should not account for the overall pattern of distortion across the each map (Figure 3) . Three of these distorted regions (LG11, LG12, and LG14) potentially map to the same genome. Many other potential genetic mechanisms of transregions on both maps, although with different effects (Figure 3) . mission ratio distortion involve interactions between divergent genomes. These interactions, which may arise at several stages of the life cycle, can bias the genotype DISCUSSION frequencies ultimately observed in the F 2 hybrids: meiotic drive may distort allele frequencies among the viaIntraspecific segregation distortion: We found a high degree of transmission ratio distortion in a cross beble F 1 gametophytes, gametophytic competition or pollen-pistil interactions may also distort allele frequencies tween populations of M. guttatus, suggesting that these two populations have undergone substantial genetic diamong the gametes that achieve fertilization, or differential viability of genotypic classes in the F 2 zygotes may vergence. The level of distortion in this study (48% of all markers at ␣ ϭ 0.05) is much greater than that cause TRD observed in the F 2 adults. Unfortunately our results from this single mapping reported for other intraspecific crosses (13-18% at ␣ ϭ 0.05; Zamir and Tadmore 1986; Jenczewski et al. 1997;  population do not allow us to discriminate among the various potential causes of TRD, particularly since our Lu et al. 2002) , perhaps reflecting greater intraspecific differentiation in M. guttatus or differences in experimarkers and crossing designs do not allow us to separately follow the maternal and paternal inheritance of mental details or analysis. We found that many of the particular genomic regions. It is conceivable that one ing for access to ovules, is a plausible explanation of at least some of the distortion if competitive ability is or more of the regions exhibit distortion as a result of meiotic drive acting in one or both sexes, a possibility caused by allelic variation of genes expressed in haploids. Differential pollen tube growth and pollen-pistil that is particularly intriguing given the recent finding of female-specific meiotic drive in the M. guttatus ϫ M.
interactions can act to prevent hybrid formation in many intra-and interspecific crosses (Rieseberg and Carney nasutus cross (Fishman and Willis 2005 (Fishman et al. 2001) . While the number of TRDL is similar in both mapping populations, pistils in a common garden, with F 1 styles being roughly intermediate in length (M. Hall, unpublished data) .
the pattern of allele frequency distortion at the TRDL differed strikingly. In the interspecific study, a preponIf DUN pollen is competitively superior to IM pollen on long styles due to haploid gene expression, then derance of the TRDL (9 of 11) exhibited a higher frequency of M. guttatus (IM62) genotypes and/or alleles segregation of pollen growth alleles in the F 1 pollen may be a cause of the distortion observed on any of the compared to Mendelian expectations. In contrast, there is no obvious tendency for markers or TRDL to show four TRDL that exhibit an excess of DUN alleles. Finally, differential zygotic survival among the F 2 zygotes could distortion toward an excess of IM alleles or DUN alleles in the current intraspecific study. explain any of the 12 TRDL. Further experiments, such as the reciprocal backcrosses and introgression studies Twenty-seven of the markers mapped in this study were also mapped in the interspecific M. guttatus ϫ M. recently reported for the M. guttatus ϫ M. nasutus cross (Fishman and Willis 2005) , are needed to further innasutus study (Fishman et al. 2001) . To the extent that these shared markers identify homologous regions of vestigate the mechanisms of the distortion reported here.
linkage groups, we may be able to go beyond a basic comparison of the prevalence and direction of transmisThree genomic regions show strong transmission ratio distortion of diploid genotype frequencies without sion ratio distortion at the intra-and interspecific levels. The shared markers map to 11 linkage groups, and 8 attendant distortion of allele frequencies. Two of these TRDL (on LG7 and LG11) exhibit an excess of heterozyof these genomic regions contain 2 or more markers. For these 11 linkage group regions that are apparently gotes while one (on LG12) exhibits a heterozygote deficiency (Table 2 ). These patterns may be due either to homologous to those in the interspecific study, we can classify them according to whether they show similar or selection acting on a single locus or to selection acting on multiple linked loci. Distinguishing between true different patterns of TRD in the two studies. Only 1 of the 11 linkage groups (LG4) shows no TRD in either overdominance (or underdominance) and pseudo-overdominance (or pseudo-underdominance) as well as the cross. Four other regions show significant TRD in one cross but not in the other: portions of LG8 and LG9 potential mechanisms of selection will require more detailed crossing studies and fine-scale linkage analysis.
are distorted in the intraspecific cross only, whereas portions of LG1 and LG13 are distorted only in the Intra-vs. interspecific segregation distortion: A goal of this study was to compare the magnitude and patterns interspecific cross. Six of the apparently homologous linkage groups of TRD observed in this intraspecific cross to that documented in the interspecific M. guttatus ϫ M. nasutus show TRD in both crosses. A single region of LG14 is biased against the IM alleles in both crosses and may cross (Fishman et al. 2001) . Previous work suggests that the degree of distortion between parental genotypes be in the same genomic region (Figure 3 ). However, because there is only a single shared marker between is correlated with degree of divergence, with greater numbers of genomic regions showing significant TRD maps, we cannot orient the linkage groups with respect to each other to distinguish for certain whether or not in interspecific crosses than in intraspecific crosses ( Jenczewski et al. 1997; Whitkus 1998) . We therefore were these distorted regions are likely to be the same. Two of the linkage groups (LG6 and LG10) contain regions surprised by our results showing that the total proportion of distorted markers does not differ between the with distortion toward an excess of IM homozygotes (or deficiency of either DUN or M. nasutus homozygotes), intraspecific and interspecific studies (48 vs. 49% at ␣ ϭ 0.05 and 29 vs. 31% at ␣ ϭ 0.001, respectively). It is not but these are clearly not in the same genomic regions (Figure 3 ). Finally, two collinear linkage groups (LG11 yet clear why the intraspecific distortion was so prevalent and it may be the result of several factors. For example, and LG12) have distorted regions on both maps in approximately the same location, but the pattern of distorit may be that the two populations of M. guttatus studied here may be more divergent than populations within tion is inconsistent between maps. On LG12, there are reduced numbers of heterozygote genotypes (but no other species, and indeed M. guttatus is well known to harbor tremendous phenotypic (e.g., Vickery 1978) strong allele) on the intraspecific map, whereas there are excessive IM alleles on the interspecific map. There and molecular genetic diversity. Methodological differences between our study are clearly different types of genetic interactions at this region between maps. On LG11, there is a shared disand other mapping studies in sample size, number or type of genetic markers, or statistical methods may also torted region where there is apparent heterosis in the
